. Gradients of epicardial strain across the perfusion boundary during acute myocardial ischemia. Am. J. Physiol. 267 (Heart Circ. PhysioZ. 36): H2348-H2362, 1994.-To study the mechanical interaction between acutely ischemic and adjacent perfused myocardium, nonhomogeneous distributions of end-systolic epicardial strain were measured using an array of radiopaque beads sewn on the left ventricular free wall of the pig during complete left circumflex coronary artery occlusion. The midwall perfusion boundary, demarcated by postmortem dye injection, was reconstructed over the span of the epicardial array. During ischemia, circumferential and longitudinal shortening remained significantly depressed up to 13 mm outside the ischemic region near the base of the ventricle, up to 8-9 mm at the midventricle, but only O-l mm near the apex (P < 0.05). Gradients of circumferential and longitudinal strain across the boundary were significantly different during both baseline conditions and acute ischemia (P = 0.0001). However, gradients of the change in the strain from baseline to ischemia were not different for the two components.
Van Leuven, Sandra L., Lewis K. Waldman, Andrew D. McCulloch, and James W. Covell. Gradients of epicardial strain across the perfusion boundary during acute myocardial ischemia. Am. J. Physiol. 267 (Heart Circ. PhysioZ. 36): H2348-H2362, 1994.-To study the mechanical interaction between acutely ischemic and adjacent perfused myocardium, nonhomogeneous distributions of end-systolic epicardial strain were measured using an array of radiopaque beads sewn on the left ventricular free wall of the pig during complete left circumflex coronary artery occlusion. The midwall perfusion boundary, demarcated by postmortem dye injection, was reconstructed over the span of the epicardial array. During ischemia, circumferential and longitudinal shortening remained significantly depressed up to 13 mm outside the ischemic region near the base of the ventricle, up to 8-9 mm at the midventricle, but only O-l mm near the apex (P < 0.05). Gradients of circumferential and longitudinal strain across the boundary were significantly different during both baseline conditions and acute ischemia (P = 0.0001). However, gradients of the change in the strain from baseline to ischemia were not different for the two components.
These results support the concept that direction-dependent differences in the strain gradients across the boundary during ischemia were due to the preservation of the baseline regional variations of strain combined with a loss of systolic function in the ischemic region.
acute regional ischemia; spatial variations of nonhomogeneous epicardial strain; mechanical coupling THE PRESENCE of a functional border zone of depressed systolic function in the normally perfused myocardium surrounding an acutely ischemic region has been reconfirmed by many studies since it was first documented 20 years ago by Kerber and colleagues (23). With few exceptions, measurements of regional uniaxial segment length or wall thickness in dogs and pigs have shown that this zone of dysfunction extends < 20 mm from the ischemic boundary into perfused tissue (6, 7, 18, 29, 32) . However, the mechanism responsible for this depressed function is still not clear. The border between the perfused and ischemic regions is sharp and well delineated, with blood flow falling up to 98% within 2-3 mm of the edge of the perfused bed (16, 17) . Moreover, the discrepancy between flow and function is not evidenced by abnormal metabolites in the functional border zone because, like blood flow, the gradients of tissue ATP, creatine phosphate, and NADH are also steep across the perfusion boundary (16, 17, 22) . Therefore, most investigators have concluded that the functional border zone in normally perfused myocardium is associated with some kind of mechanical interaction between the ischemit and perfused tissue, although the details of this interaction are not understood.
Wyatt and co-workers (38) have proposed that fibers arranged parallel to the perfusion boundary act to restrain each other, whereas myofibers arranged perpendicular to the boundary act more independently. This suggests that the mechanical interaction between the normally perfused and ischemic regions is anisotropic and dependent on the orientation of the ischemic boundary in the ventricle relative to the local muscle fiber direction. However, the observations that muscle fiber geometry varies both regionally and transmurally in the ventricle and that, the width of the functional border zone is similar at various depths through the ventricular wall (6, 7, 18, 29, 32) indicate that the interaction between the perfused and ischemic myocardium is more complex than a simple two-dimensional (2-D) tethering between myofibers adjacent to the ischemic boundary and may involve a redistribution of wall stress around the boundary (2, 7,29).
Most previous studies of the functional border zone used uniaxial homogeneous measures of wall thickening or segment shortening at a few discrete locations around the perfusion boundary and thus only partially describe the mechanics of the border zone (6, 7, 12, 13, 18, 32 ). An accurate and complete description of the mechanical interaction between the perfused and ischemic regions requires a description of the distributions of myocardial deformation with high spatial resolution throughout the border region. Therefore, the objective of the present study was to measure continuous nonhomogeneous distributions of epicardial strain over the region spanning the anterior perfusion boundary of the left circumflex coronary artery during baseline conditions and acute regional transmural ischemia. With this technique, we were able to examine the mechanical interaction between the ischemic and adjacent normally perfused myocardium over a significant portion of the border region and so more completely and accurately describe the interaction across the ischemic boundary.
METHODS

Experimentalpreparation.
The study was performed according to American Association beads l-2 m m in diameter were then individually sewn onto the epicardial free wall of the left ventricle at 5 to lo-mm intervals using a one-half-circle model TF needle (Ethicon) with a 4-O silk suture threaded through a hole drilled in the bead (Fig. lA) . Care was taken to anchor the bead only to the epicardium and superficial muscle ( < 1 mm deep). The array of markers (covering ~25 cm2> was positioned on the ventricular epicardium such that after occlusion of the left circumflex coronary artery branch(es) it would span the anterior boundary of the ischemic bed.' The array extended longitudinally from N 5 mm below the first diagonal branch of the left circumflex coronary artery to within N 25 mm of the apex. In addition, beads were sewn on the epicardium at the apical infundibulum and the bifurcation of the left main coronary artery to establish the long axis of the left ventricle.
The motion of the markers was recorded using high-speed biplane cineradiography (16 mm, 120 frames/s) with respiration halted at end expiration.
Individual tine frames were synchronized with analog recordings of the camera shutter marks on the chart recorder, which also recorded the electrocardiogram, left ventricular pressure (high and low gains), first derivative of left ventricular pressure (dP/dt), and aortic pressure. The biplane cameras were free running, so the film frames were not synchronous.
However, the phase of frame pairs analyzed differed by no more than 4 ms. Frames corresponding to end diastole were determined from the R wave of the electrocardiogram trace. End-systolic frames were found by matching the aortic pressure at valve closure with the left ventricular pressure tracing to correct for the phase lag of the fluid-filled catheter system. ExperimentaL protocol. After the experimental preparation was completed, the motion of the epicardial beads was re- corded with biplane cineradiography for several heartbeats during baseline conditions.
The pig was then intravenously volume loaded with 100-200 ml of warm 6% dextran, and a second set of biplane recordings was made when the enddiastolic pressure was 4-8 mmHg above the initial value (unloaded baseline end-diastolic pressure = 9.0 2 3.7 mmHg; n = 9 animals). The set of recordings with an end-diastolic pressure that most closely matched the end-diastolic pressure during ischemla was used as the baseline data. After pretreatment with 100-200 mg of procainamide iv to minimize arrhythmias, the left circumflex coronary artery was occluded, and after 90 min of ischemia a third set of recordings was made. Three of the animals were maintained with dopamine iv ( -3 mg/min) during the occlusion for hypotension, but inotropit support was gradually withdrawn, and all animals were off dopamine and hemodynamically stable at the time of data acquisition.
Animals were treated with a bolus of lidocaine (2 mg/kg) just before reperfusion of the vessel. After the snare was released and the ischemic myocardium was reperfused for 95-140 min, the pig was killed with a pentobarbital overdose (120 mg/kg) and removed from the X-ray field of view. A plastic cylinder with l-mm-diameter radiopaque beads embedded at known positions in a spiral arrangement along its length, referred to as the calibration phantom, was placed in the X-ray field, and a fourth set of biplane recordings was made. The calibration phantom recordings were used to calculate the perspective transformation matrices needed to reconstruct the three-dimensional (3-D) coordinates of the epicardial beads from the pair of biplane views, accounting for variations in magnification in each view independent of movement of the heart in the X-ray field of view (4,26).
The left anterior descending, right, and circumflex coronary arteries were cannulated postmortem and perfused at approximately systolic pressure (100 mmHg) with a 0.05% solution of monastral blue. The ligated branch(es) of the left circumflex coronary artery was cannulated and perfused distal to the ligation at the same pressure with a 1.0% solution of triphenyl tetrazolium chloride (TTC) in phosphate-buffered dextran. However, because TTC staining may not reliably identify irreversibly damaged tissue after only 95-140 min of reperfusion in the pig and because the focus of this study is on function across the ischemic border, only the perfusion boundary data (identified with monastral blue) are presented here (19, 31, 33). After the dye perfusion, glutaraldehyde in phosphate buffer was infused through all of the coronary artery cannulas while the left ventricular cavity pressure was maintained at ischemic end-diastolic values. After fixation, the heart was excised and suspended in a phosphate-buffered solution overnight.
The day after the experiment the left ventricular cavity was filled with silicone rubber, and a radiopaque rod was used to skewer the fixed ventricle approximately parallel to the axis established by the base and apex beads (mean angle between the skewer and the base-to-apex axis = 11.0 * 4.9"; n = 5). Careful not to cut off any of the epicardial beads, we used a knife blade oriented perpendicular to the skewer to make partial cuts, which divided the section of the ventricle spanned by the array into -10 rings 5 mm thick. The intersection of each circumferential cut with the epicardial bead array was documented by placing a 1-to 2-mm diameter radiopaque bead in the partial cut and recording biplane fluororadiography. The circumferential cuts were then completed, and the right ventricle was trimmed from each slice ( Fig. 2A) . The basal and apical sides of each slice were photographed to document the dye boundaries, and the epicardial beads contained in each slice were noted to assist in relating the perfusion boundary to the epicardial array, as described below in detail. Data analysis: epicardiaz strain. The biplane film views of the calibration phantom and surface array were each projected separately onto a digitizing pad, and the 2-D coordinates of the centroid of each bead shadow were located manually. Errors due to the manual bead location procedure were minimized by measuring the bead positions in two consecutive frames twice and averaging the 2-D coordinate data. As reported earlier (36) the bead coordinate measurement error did not exceed 0.3 mm using this technique.
Perspective transformation matrices were calculated from the known and measured bead coordinates of the calibration phantom. These matrices were used to reconstruct the 3-D phantom coordinates of the surface beads from the two sets of 2-D film coordinates measured from corresponding biplane views (4, 26). Because it is desirable to have the coordinate data of the epicardial beads defined with respect to an anatomically meaningful coordinate system, the base and apex epicardial beads and the normal to the plane fit to the end-diastolic bead array coordinate data by a leastsquares algorithm were used to transform the 3-D phantom coordinates into a new 3-D Cartesian basis, which was defined to align with the "circumferential," "longitudinal," and "radial" axes of the heart local to the epicardial array (Fig. LA) . The digitization, reconstruction, and transformation procedures were repeated for each set of biplane film frames of interest.
A previously described finite element method (15) with three minor modifications was used to fit smooth bicubic polynomial parametric surfaces to the 3-D cardiac coordinates of the epicardial bead array for the reference configuration, chosen as end diastole. In a modification to the original method, the initial estimate of the reference surface was chosen as the smallest quadrilateral that encompassed the circumferential and longitudinal coordinates of all the beads in the array at end diastole (Fig. 1B) . The initial estimate of the surface was a flat plane and was not constrained to be aligned with the circumferential and longitudinal axes of the ventricle as in the original method. This modification helped to minimize errors in the fit by reducing regions of sparse data, especially at the corners of the surface. The initial estimate of the surface was defined so as to lie in the circumferentiallongitudinal plane and was described by the circumferential and longitudinal coordinates of its four vertices. The initial estimate of the surface was fit to the end-diastolic coordinate data using a least-squares algorithm, which minimizes the difference between the epicardial markers and the initial surface in each of the geometric coordinates. First, the radial coordinates of the vertices of the surface and the curvature changes in the radial coordinate were calculated, and then the curvature changes in the circumferential and longitudinal coordinates were determined. In a modification to the previous method (15), the circumferential, longitudinal, and radial coordinates, and the curvature changes then were calculated again, resulting in a surface with the same geometry as the end-diastolic epicardial array that did not change with additional coordinate fits ( Fig. 10. A similar technique was used to fit a surface to the deformed configuration, chosen as end systole. With the use of the fitted end-diastolic surface as the initial estimate of the deformed surface, the circumferential, longitudinal, and radial coordinates were fitted, and the curvature changes were calculated for the end-systolic bead array. The deformed surface only had to be fit once to the end-systolic coordinate data, since the initial approximation to the surface was very similar to the final fitted surface ( As previously described (15), it was necessary to impose constraints during the fit of the surface to the 3-D coordinate data to restrict the surface from large unphysiological fluctuations, especially in regions of sparse data. Two smoothing factors were prescribed for each surface fit: one factor penalized unphysiological stretching of the fitted surface, and the other limited large changes in surface curvature. The appropriate values for the constraints were determined for each individual animal according to the procedure developed by Hashima and co-workers (15). End-diastolic surface-fitting errors, the root-mean-square difference between the coordinates of the epicardial array beads and the coordinates of the fitted surface, were calculated for the radial coordinate in each animal over a range of values for the constraint on surface stretching.
Holding the ratio between the two smoothing factors constant, as suggested by Hashima and colleagues (151, the magnitudes of the factors were adjusted until the rootmean-square radial coordinate fitting error was 10% greater than the minimum fitting error to ensure that noise in the coordinate data was not being fitted. The same stretching and bending constraints were used for all surface fits in a given animal. The maximum absolute errors in the least-squares fit of the surface to the coordinate data were comparable to the bead coordinate measurement errors ( < 0.2 mm for the circumferential and longitudinal coordinates and < 0.4 mm for the radial coordinate).
Continuous distributions of nonhomogeneous strain were then calculated between the deformed and reference surfaces for both baseline conditions and regional ischemia. Because the fitted surfaces were not required to be aligned with the circumferential and longitudinal axes of the ventricle as in the original method, it was necessary to rotate the strains back into the cardiac coordinate system to obtain physiologically meaningful strains. The surface strain component computed along the fibers is in the circumferential direction, and the strain component computed perpendicular to the fibers is in the longitudinal direction (Fig. 1C ). Epicardial strain was described by the three independent 2-D strain components.
The normal strain components, En and Ezz, are measures of shortening or lengthening in the circumferential and longitudinal directions, respectively. A positive value for the normal strains indicates lengthening. The shear strain component (Eis) is a measure of torsion in the epicardial plane, and a positive value indicates righthanded torsion (a clockwise rotation of the apex relative to the base as viewed from the apex). In addition, to examine the changes in epicardial strain with ischemia, the algebraic difference between the strains during ischemic and baseline conditions was calculated for each strain component. A difference of zero for the strain difference indicates that there was no change in the strain component with ischemia; a positive
value indicates hypokinesis; a negative value indicates hyperkinesis during ischemia. The transition of function from the normally perfused to ischemic myocardium is interesting, since one would expect large spatial variations of strain across this region. We quantified the spatial variation of each of the strain components across the perfusion boundary (strain gradients) by calculating the mean slope of the curves of strain as a function of distance from the perfusion boundary between -10 and + 10 mm. Strain gradients were calculated for baseline and ischemit strains and for the differences between the baseline and ischemic strains. A positive spatial gradient indicates that the strain or strain difference increases from septal to lateral (i.e., from perfused to ischemic tissue) across the perfusion boundary, and a negative spatial gradient indicates a decrease across the boundary.
Longitudinal location in the array was normalized by the distance between the base and apex beads for each animal. The basal surface marker was defined as 0% and the apical marker as 100%. For the strain analysis the ventricle was divided into longitudinal thirds with the basal region defined as O-33.3% of the base-to-apex distance, the midventricular region as 33.4-66.7%, and the apical region as 66.8-100%.
To normalize the location of the array on the ventricle for each animal, left ventricular free wall epicardial circumference was measured from the anterior septum to posterior septum at 30 and 60% of the base-to-apex distance, and a linear relation between free wall circumference and longitudinal position in the left ventricle was determined in each animal. Circumferential location in the epicardial array was normalized using this relation so that the anterior septum was defined as 0% and the posterior septum as 100%.
Data analysis: relating the perfusion boundary to the fitted epicardial surface. The epicardial and endocardial outlines, dye boundaries, and surface beads were digitized from the slice photographs for the section of the slice extending from near the septum to lateral of the surface bead array and encompassing the anterior perfusion boundary of the ischemic bed (Fig.  2B) . With the use of a finite element method similar to that described for the surface fit to the bead array, smooth onedimensional (1-D) curves (consisting of 9 individual segments, each capable of interpolating cubic variations of the 2-D coordinates between its endpoints) were fitted to the data from the digitized sections of epicardium and endocardium for each slice. The finite element method employs a least-squares algorithm that minimizes the difference between the digitized data and the initial 1-D curve in both of the geometric coordinates.
The 2-D geometry of the slice section was then reconstructed from the fitted outlines, and the digitized perfusion boundary and surface bead data were mapped onto the reconstructed slice ( Fig. 20 . The slice reconstruction was then replotted in normalized coordinates to give a rectangular mapping of the slice section, anterior perfusion boundary, and surface beads (Fig. 20) . The circumferential location of the midwall perfusion boundary on the epicardium could then be determined by projecting it onto the epicardium of the rectangular mapping for each slice and using the surface beads on the mapping to relate the boundary projection to the end-diastolic bead array.
The corresponding longitudinal coordinates of the perfusion boundary for each slice were determined from the fluororadiographic recordings of the fixed ventricle. The surface beads, skewer axis, and beads demarcating the initial slice cuts were digitized manually from videotape for corresponding biplane views, and their 3-D coordinates were reconstructed and then transformed into the cardiac coordinate system as described in Data analysis: epicardial strain. The basal surface of each slice was then represented mathematically as a plane defined by the axis of the skewer (since the cuts were made perpendicular to the skewer), and the 3-D cardiac coordinates of the bead were placed in the initial cut. The intersections of the slice planes with the fitted end-diastolic surface were determined by relating the positions of the epicardial beads for the fixed ventricle to the positions of the epicardial beads for the end-diastolic configuration.
The longitudinal coordinate of the perfusion boundary on the epicardium was determined from the intersection for each slice. As described for the epicardial and endocardial slice outlines, a least-squares algorithm was used to fit a smooth curve to the circumferential and longitudinal perfusion boundary coordinates obtained from all the slices (Fig. 2E) . Contours of distance from the fitted boundary (in mm) were then calculated over the surface so that every point on both the baseline and ischemic end-diastolic surfaces was associated with a distance from the perfusion boundary. Statistical analysis. All results are expressed as means t SD. Trends for the strain components from the septum laterally across the array (i.e., from perfused to ischemic myocardium)
were analyzed by two-way analysis of covariance with base-to-apex location and distance from the perfusion boundary defined as continuous covariates. A dummy variable with one degree of freedom per experiment was included to correct for variations in the covariates between animals (9). Spatial gradients of epicardial strain across the 20 mm of tissue spanning the anterior perfusion border of the left circumflex coronary artery were calculated by a linear regression model for each strain component and were expressed as the change in strain per millimeter distance. This analysis was repeated for each longitudinal region (basal, midventricular, and apical) for the baseline and ischemic strains and for the strain differences.
The width of the functional border zone was conservatively estimated for each strain component as the shortest distance from the ischemic boundary into normally perfused tissue at which the difference between the ischemic and baseline strains was no longer significantly different from zero. A strain difference of zero indicates no change in the baseline strain values with ischemia. The null hypothesis for the difference between the ischemic and baseline strains was tested with the strain difference defined as the dependent variable and distance from the perfusion boundary grouped by l-mm increments. Statistical significance for all tests was accepted at the level P 5 0.05.
RESULTS
Exdusions. Data were not analyzed for 2 of the 11 pigs studied due to animal health problems, such as cardiac hypertrophy, pneumonitis, and congenital defects. Data from four of the nine remaining animals were incomplete. The films for two animals were overexposed, and there was extensive overlap of the beads in one of the biplane views, which results in significant error in the 3-D coordinate reconstruction process. The other two animals were excluded due to the lack of an accurate calibration for the biplane X-ray films or arrhythmias during the data-acquisition period. None of the five remaining animals required electrical defibrillation at any point during the experiment, and all animals were off of inotropic support at the time of data acquisition. In addition, only data recorded during normal sinus rhythm were analyzed. Hemodynamics. After 90 min of left circumflex coronary artery occlusion only small changes in systemic hemodynamics from either the unloaded or end-diastolic pressure-matched baseline value were observed (Table 1) . Mean heart rate increased slightly with ischemia, and peak systolic left ventricular pressure decreased, although neither of these changes was significant. End-diastolic pressure and maximum positive dP/dt during ischemia were slightly, although not significantly, higher than both the unloaded and end-diastolic pressure-matched baseline values. There was also no significant difference between the unloaded and enddiastolic pressure-matched baseline runs or the pressurematched baseline and ischemia runs in any of the hemodynamic parameters. Baseline end-systolic epicardial strain. The epicardial bead arrays in the five animals were rectangular in shape and spanned 64 t 9% of the base-to-apex distance (range 53-75%) and 48 t 10% of the left ventricular free wall circumference (range 38-65%). The average area for the five bead arrays was 24.0 t 3.1 cm2 (range 20.2-27.0 cm2). The average midpoint of the arrays was located at 32 t 5% of the base-to-apex distance (from the basal reference bead) and 46 t 4% of the left ventricular free wall circumference (from the anterior septum). In all five animals, the array spanned at least 15 mm of normally perfused and ischemic tissue on either side of the anterior perfusion boundary of the left circumflex coronary artery.
Representative baseline (control) results obtained in one animal are shown in Fig. 3 (left) . Both circumferential and longitudinal end-systolic strain (El1 and E22, respectively) demonstrated some nonhomogeneity across the array; however, the spatial variations of the two components were very different. Circumferential shortening was greatest at the septal edge of the array and decreased from the septum laterally across the anterior perfusion boundary of the left circumflex coronary artery (Fig. 3, map A, Left) , whereas longitudinal shortening was least at the septal edge of the array and increased from the septum laterally across the perfusion boundary (Fig. 3, map B, left) . The end-systolic shear strain (E12) was small and showed little variation across the array compared with the normal strain components, varying from small values of right-handed torsion near the septum to little or no left-handed torsion over the left circumflex bed (Fig. 3, map C, left) .
Mean baseline end-systolic circumferential strain averaged over all five animals was -0.08 t 0.04, and circumferential shortening decreased significantly from the septum laterally across the anterior perfusion boundary of the left circumflex bed (Fig. 4) . Mean longitudinal strain for the five animals was similar to circumferential strain, averaging -0.09 2 0.05 across the arrays. However, in contrast to circumferential shortening, longitudinal shortening significantly increased across the arrays from the septum toward the lateral free wall (Fig.  5) . (Fig. 6) .
Spatial gradients of baseline circumferential and longitudinal strain across the perfusion boundary were significantly different from zero at each longitudinal location (P < 0.0001) ( Table 2 ). Spatial gradients of circumferential strain were positive, indicating a decrease in shortening from the septum laterally across the perfusion boundary, and significantly different from the corresponding gradients of longitudinal strain in the basal, midventricular, and apical regions (P = 0.0001). Longitudinal strain gradients were negative, indicating an increase in shortening from the septum laterally across the perfusion boundary.
Shear strain gradients across the 20 mm of tissue spanning the anterior perfusion boundary of the left circumflex bed were generally smaller than the gradients of circumferential and longitudinal strain, although they were significantly different from zero in all three longitudinal regions (P = 0.0001) ( Table 2) .
End-systolic epicardiaz strain during regional ischemia. After 90 min of ischemia, large changes were observed in both circumferential and longitudinal strain across the array, although only circumferential strain showed larger spatial variations across the perfusion boundary during ischemia. Representative results from one animal after 90 min of regional ischemia (Fig. 3,  right) show that circumferential strain changed rapidly from depressed shortening in the normally perfused tissue adjacent to the ischemic boundary to no shortening in the ischemic tissue immediately inside the boundary (Fig. 3, map A, right) .
In contrast, longitudinal strain was fairly uniform across the same region, with little or no shortening over the array (Fig. 3, map B , right). There was almost no discernible change in the shear component of epicardial strain with ischemia because it remained relatively small across the array (Fig. 3, map C, right) .
Spatial gradients of circumferential strain across the 20 mm of tissue spanning the perfusion boundary were twice as large during ischemia as during baseline conditions in the midventricular and apical regions indicating steeper variations of circumferential function during ischemia (Fig. 4, Table 2 ). Gradients of E 1 1 were positive during ischemia as during baseline conditions, although (Fig. 5) . Gradients of EZ2 across the 20 mm of tissue spanning the ischemic boundary were very small, although significantly different from zero, in the midventricular region (P = 0.02) ( Table 2 ). Gradients of El1 and E2, strain during ischemia were both significantly different from each other and from the corresponding baseline gradients in all three longitudinal regions of the arrays (P = 0.0001).
Spatial variations of epicardial shear strain across the 20 mm of tissue spanning the perfusion boundary during ischemia were very similar to the baseline variations. However, gradients of EIz in the midventricular and apical regions during ischemia were significantly different from the corresponding baseline gradients Table 2 ). The gradients of shear __ strain were significantly different from zero in all three longitudinal regions of the arrays (P = 0.0001). The most notable ischemia-induced change in the shear strain was in the apical region, where right-handed torsion over the left circumflex bed during baseline conditions was lost during ischemia.
Although spatial variations of circumferential and longitudinal strain were very different from each other during both baseline conditions and after 90 min of ischemia, the spatial variations of the strain differences, or change in the strain components with ischemia, were very similar (Fig. 7) . The strain differences for En and Ezz both changed rapidly across the perfusion boundary, leveling off -20 mm into the normally perfused and ischemic tissue on either side of the boundary. Spatial gradients of the strain differences for El1 and Ezz across the 20 mm of tissue spanning the perfusion boundary, or the slopes of the curves of the strain differences as a function of distance from the perfusion boundary between -10 and + 10 mm (Fig. 7) , were not significantly different from each other in the basal and midventricular regions (Table 2) . Although the gradient of the strain difference for longitudinal strain in the apical region was significantly less than the corresponding gradient of circumferential strain (P < O.OOOl), the two spatial variations appeared very similar (Fig. 7C) . The epicardial shear strain was very small and relatively uniform across the arrays both during baseline and ischemic conditions (Fig. 6) , and so the strain differences for E12 were also very small and, in general, not significantly different from zero anywhere in the epicardial bead arrays. Functional border zone in normally perfused myocardium. For circumferential strain, the functional border zone width in normally perfused tissue was 13 mm in the basal region of the ventricle, 9 mm in the midventricular region, and 0 mm in the apical region. Similarly, the width of the functional border zone for longitudinal strain was determined to be 13 mm in the basal region, 8 mm in the mid region, and 1 mm in the apical region. The extent of functional depression into the normally perfused myocardium adjacent to the ischemic boundary varied significantly with longitudinal location in the left ventricle for both circumferential and longitudinal strain, being widest near the base and narrowest near the apex. There was no definable functional border zone for the shear strain component because, as mentioned earlier, the strain differences were very small and, in general, not significantly different from zero anywhere in the epicardial bead arrays.
DISCUSSION
With the use of a previously described method (15) an array of epicardial markers, baseline spatial variations of circumferential and longitudinal end-systolic strain across the anterior perfusion boundary of the left circumflex coronary artery in the pig were found to be significantly and characteristically changed after 90 min of regional transmural ischemia. Gradients of endsystolic circumferential strain across the perfusion boundary were larger during ischemia than during baseline conditions, whereas gradients of longitudinal strain were smaller. However, the spatial variations of the calculated difference between the strains during ischemic and baseline conditions were very similar for the two normal strain components. The extent of functional depression into the normally perfused myocardium adjacent to the ischemic region was found to be restricted to within 13 mm of the perfusion boundary both for the circumferential and longitudinal strain components. The width of the functional border zone in perfused tissue was also found to vary with longitudinal location in the ventricle for both circumferential and longitudinal strain, being widest at the base and narrowest at the apex. A functional border zone could not be defined in perfused myocardium for the shear component of epicardial strain because the shear strain values during baseline and ischemic conditions, and therefore the strain differences, were very small and generally not significantly different from zero anywhere in the epicardial arrays. Baseline regional mechanics. Previous studies of spatial variation of end-systolic deformation along the circumferential direction of the left ventricle during baseline conditions have used ultrasonic crystals or 2-D echocardiography and described function as homogeneous across the septal, anterior, and lateral regions of the ventricle (6, 8, 12, 18, 25, 32 ). These studies, however, used discrete measurements of 1-D wall thickening or segment shortening and thus were not able to distinguish between pure stretch and shear of a segment. In contrast, studies that have tracked the 3-D coordinates of implanted radiopaque markers with biplane cineradiography have shown significant heterogeneity in both the circumferential and longitudinal components of end-systolic function across these regions, in agreement with our findings (5, 21). Baseline spatial variations of circumferential end-systolic strain observed across the anterior perfusion boundary of the left circumflex bed in the present study are consistent with the findings of Fann and co-workers (5) in conscious dogs, whereas spatial variations of longitudinal strain documented across the perfusion boundary in the present study agree with the results of Ingels and coworkers (21) from human cardiac transplant recipients. Discrepancies between our study and those of these groups, such as the finding of Ingels and co-workers (21) that circumferential shortening increases from the septum laterally in the ventricle and the finding of Fann and colleagues (5) that longitudinal shortening showed no spatial variation across the anterior ventricular epicardium, may be explained in part by our use of an anesthetized open-chest experimental model and their use of conscious models. In addition, both of these studies made discrete measurements of function at only three or four locations in the left ventricular myocardium and therefore may not be able to detect the small spatial variations of strain observed in the present study with a method capable of measuring continuous distributions of epicardial strain.
Baseline regional variations in end-systolic torsional deformation at the ventricular midwall have been studied in conscious humans by Hansen and co-workers (14) and Ingels and co-workers (21) and variations in epicardial shear strain have been studied in conscious dogs by Fann and colleagues (5) with similar results. In agreement with our mean results for the five animals, all of these studies found positive end-systolic torsion or shear (consistent with our definition of positive epicardial shear strain or right-handed torsion) at all locations in the ventricle. Our results from individual animals, however, demonstrated some regions where the epicardial shear strain was negative, although very small (Fig.  30 . The discrete lower resolution techniques used in the studies of Hansen, Ingels, and Fann (5, 14, 21) may not be able to detect these small spatial variations.
Systolic torsion has also been shown to increase from the septum toward the lateral free wall of the ventricle, contrary to our findings for the basal and midventricular regions (5, 14, 21) . However, the measurements in these studies were made closer to the inferior wall than in the present study. In addition, studies measuring systolic torsion in conscious humans with magnetic resonance imaging have documented a transmural gradient of torsion in the left ventricle with the endocardium twisting approximately twice as much as the epicardium (1, 3). This transmural variation of torsion may also contribute to the discrepancy between our epicardial measurements and the midwall measurements of other studies.
The decrease in circumferential shortening, increase in longitudinal shortening, and decrease in positive shear strain observed in the current study from septal to lateral across the anterior free wall of the left ventricle are most likely the result of spatial variations of the geometry of the ventricle. Regional heterogeneities of fiber geometry and surface curvature have been documented in the human left ventricle (10, 20) and could influence function during baseline conditions. A change in the relative amounts of circumferential, longitudinal, and oblique fibers over the septal, anterior, and lateral regions of the ventricle, as observed by Greenbaum and co-workers (lo), may account for the spatial variations of strain observed in the present study. In addition, Guccione and co-workers (11) were able to match the strain variations predicted by their 3-D model of the left ventricle with the observed anterior-posterior variations in systolic fiber shortening in the isolated working dog heart even though they only accounted for the geometry of the ventricle. The fiber angle distribution and material properties were constant throughout the model.
Regional mechanics during acute transmural ischemia. Many studies have measured increased spatial variations of end-systolic function across the perfusion boundary during acute regional myocardial ischemia (6, 7, 13, 15, 18, 24, 25, 29, 32, 35) .
In agreement with these studies, we found that variations of circumferential strain across the anterior perfusion boundary of the left circumflex bed were twice as large during ischemia as HZ358 STRAIN GRADIENTS DURING REGIONAL, MYOCARDIAL ISCHEMIA during baseline conditions in the midventricular and apical regions (Fig. 4, Table 2 ). However, gradients of longitudinal strain across the ischemic boundary in the present study were actually smaller than corresponding baseline gradients at all longitudinal locations (Fig. 5 , Table 2 ). This was contrary to expectations, since one would predict steep gradients of function across a region where the myocardial material properties are changing rapidly.
To explain the interaction between the perfused and ischemic myocardium during regional ischemia, Wyatt and co-workers (38) have proposed that regional variations of function during ischemia are the result of tethering between individual fibers across the boundary, with ischemic fibers acting as a direct parallel resistance on neighboring nonischemic fibers. They also predict that fibers arranged in series across the perfusion boundary will not restrict each other, and thus perfused fibers in series with ischemic fibers will actually demonstrate augmented systolic shortening compared with baseline values due to unloading by the compliant ischemic fibers. This suggests that the mechanical interaction between the normally perfused and ischemic regions is anisotropic and that function adjacent to the ischemic boundary is dependent on the orientation of the ischemic boundary in the ventricle relative to the local muscle fiber direction.
However, there are some inherent problems with the parallel fiber hypothesis.
First, because muscle fiber direction varies both regionally and transmurally in the left ventricle, fibers local to an ischemic boundary will not be aligned strictly parallel or perpendicular to the boundary (29). Nevertheless, the extent of functional depression into the perfused myocardium adjacent to the ischemic boundary has been shown to be similar at various depths through the ventricular wall despite transmural variations in fiber geometry (6, 7, 18, 29, 32) . In addition, Waldman and co-workers (36) found that the transmural variation in the direction of greatest systolic shortening in the left ventricular free wall in dogs was substantially less than the transmural variation in myocardial fiber orientation, indicating that measures of systolic function reflect the integrated interaction between myofibers in many layers. Finally, the series component of function in the current study (i.e., circumferential strain, since the perfusion boundary was oriented longitudinally in the ventricle) did not demonstrate any augmented systolic function in the perfused tissue adjacent to the ischemic boundary, contrary to the hypothesis prediction. Therefore, as Wyatt and colleagues (38) pointed out, "the heart is a complex, interwoven network of muscle fibers," and so mechanical coupling between the perfused and ischemic myocardium is much more complex than simple 2-D tethering between neighboring fibers across the ischemit boundary.
This suggests that systolic function in the perfusion border region is less dependent on local fiber direction and more determined by the mechanical coupling between two regions with very different contractile properties.
We therefore propose another mechanism for the mechanical interaction between the perfused and ischemit myocardium during acute transmural ischemia. Mechanical coupling across the ischemic boundary is an important determinant of function during regional ischemia, as evidenced by the zone of transitional function on either side of the ischemic boundary in both perfused and ischemic tissue (Fig. 7) and the smooth and continuous nature of the strain variations across the perfusion boundary (Figs. 4-6 ). Mechanical coupling across the boundary must therefore be included in any mechanism that attempts to describe ventricular function during regional ischemia.
Our explanation for the mechanism of interaction between the perfused and ischemic regions is based on our observations of the spatial variations of strain across the perfusion boundary during baseline and ischemic conditions.
The finding in the present study that both circumferential and longitudinal strain were essentially akinetic over the ischemic region at end systole indicates a nearly uniform loss of systolic function in the ischemic myocardium (Figs. 4 and 5) . The akinetic behavior of epicardial strain over the ischemic bed is most likely not the result of ischemia-induced changes in the end-diastolic configuration, such as extracellular changes or edema. This is confirmed by the passive remodeling strains (computed as the change in the end-diastolic configuration from baseline to 90 min of ischemia), which were not significantly different from zero anywhere in the epicardial array (with the exception of longitudinal strain in the perfused region, E 22 = +O.Ol t 0.02). Therefore, the spatial variations of circumferential and longitudinal epicardial strain across the perfusion boundary during ischemia are different because the baseline spatial variations of the strain components are different. A loss of systolic shortening, or akinesis, in the ischemic left circumflex bed exaggerates the positive spatial gradient of circumferential strain and eliminates the negative spatial gradient of longitudinal strain observed during baseline conditions. The spatial gradients of circumferential and longitudinal strain observed after 90 min of ischemia in the present study could also be explained by an anisotropic interaction between the perfused and ischemic regions, similar to the parallel resistance mechanism proposed by Wyatt and co-workers (38). If the perfused and ischemic regions are coupled with their interaction strongest in the direction parallel to the ischemic boundary, the component of function parallel to the boundary (E22 in the present study) will show a smaller change across the ischemic boundary, as observed in the present study. The series component of function across the boundary (E1 1 in the present study) will show a steep spatial variation across the boundary because the perfused and ischemic regions act more independently in this direction. This is also consistent with the findings of the present study. However, the similarity between the strain differences ( Fig. 7) by Bogen and co-workers (2) in a theoretical model that describes the regionally ischemic left ventricle as a spherical mem .brane with an "apical" axisymmetric region of acute extensible infarction. Their model predicts a smaller change across the infarct boundary in the component of function computed parallel to the boundary (EZ2 in the current study) than in the component of function computed perpendicular to the boundary (E l1 in the current study), in agreement with our findings. However, their model also predicts that the perpendicular component of function will change abruptly at the infarct boundary from normal shortening in the perfused region to lengthening in the infarcted region because no continuity condition was imposed. The spatial variation predicted by their model for the parallel component also changed very rapidly across the boundary, varying from normal values of shortening in the adjacent perfused region to large values of lengthening in the ischemic region. The strain gradient for EZ2 in the present study was not significantly different from zero over two-thirds of the region studied, and spatial variations of El 1 and EZ2 were smooth and continuous across the boundary.
In addition, we observed almost no end-systolic lengthening in either circumferential or longitudinal strain in the ischemic myocardium (Figs. 4 and 5) . The model of Bogen and colleagues (2) is a very simplified approach to a very complex physiological problem and is difficult to extrapolate to either the clinical or experimental situation because the systolic extensions and stresses predicted by the model were allowed to be discontinuous at the ischemic boundary. In addition, the assumption of Bogen and co-workers (2) that the regionallv ischemic left ventricle behaves as a thin spherical membrane requires that the model predictions for systolic deformation and stress only be viewed qualitatively.
To more accurately predict systolic deformations and stresses in the regionally ischemic left ventricle a realistic model that accounts for the global 3-D geometry of the ventricle, including regional changes in wall thickness and curvature, must be developed. FunctionaL border zone. Our finding that the systolic dysfunction adjacent to the ischemic region does not extend > 13 mm from the perfusion boundary into normally perfused myocardium is consistent with previous studies that used methods such as 2-D echocardiography, sonomicrometers, and single-camera imaging of paper markers to measure end-systolic left ventricular function (6, 7, 18, 29, 32) . All of these studies made discrete measurements of function, however, and thus could only describe the functional border zone at a few locations in the left ventricle and with relatively low spatial resolution.
Because we measured continuous distributions of nonhomogeneous epicardial strain over 50-75% of the long axis of the left ventricle in the current study, we were able to quantify the width of the functional border zone over a substantial portion of the ventricle. In this way, we found that the width of the functional border zone for the circumferential strain component was not different from the longitudinal strain component in the basal, midventricular, and apical regions of the ventricle. In addition, we found that the width of the functional border zone decreased significantly from base to apex in the ventricle for both circumferential and longitudinal strain. Although a uniform loss of systolic function in the ischemic region and isotropic mechanical coupling across the ischemic boundary can explain the similarity between the functional border zone widths for circumferential and longitudinal epicardial strain, it cannot explain the gradient of functional border zone width from base to apex in the ventricle. One possible explanation for the longitudinal gradient of functional border zone width is that it is related to the local amount of ischemic tissue. However, when the percentage of ischemic tissue in each circumferential slice was examined as a function of longitudinal location in the ventricle for each animal, no correlation was found. Another possible explanation for the longitudinal gradient is the overall shape of the ischemic region. In the present study one or more proximal branches of the left circumflex coronary artery were occluded and the resulting ischemic region was wide in the circumferential direction near the base and narrow near the apex in all animals. Therefore, the absolute amount of ischemic tissue in a circumferential slice decreased from base to apex in the ventricle and therefore could be responsible for the functional border zone width gradient. However, we think it is more likely that the longitudinal gradient is the result of longitudinal variations in geometric factors, such as surface curvature and wall thickness, because these factors would cause ventricular wall stress to change more rapidly near the apex.
The functional border zone is important clinically because it suggests that clinical tests of ventricular H2360 STRAIN GRADIENTS DURING REGIONAL MYOCARDIAL ISCHEMIA dysfunction may tend to overestimate the size of the ischemic region by as much as 10 mm around the true ischemic region. However, the longitudinal gradient of functional border zone width observed in the present study suggests that the clinical estimate of the size of the ischemic region may be a better approximation of the true size for measurements made closer to the apex of the ventricle. Also, the presence of a functional border zone on both sides of the boundary in perfused and ischemic myocardium is interesting because it indicates the complex mechanical interaction across the ischemic boundary. To more completely understand the effect an acutely ischemic region has on systolic function in the adjacent normally perfused myocardium, the gradients of ventricular wall stress across the ischemic boundary must be determined.
However, because of the complex 3-D geometry of the left ventricle, there is no simple way to measure wall stress in the intact beating heart. Therefore, a detailed analysis must be performed in a theoretical model with a realistic geometry for both the left ventricle and the ischemic region to determine the change in the distribution of wall stress around the perfusion boundary with acute transmural ischemia.
Limitations.
Only epicardial strain was measured in the present study so the effect of acute regional ischemia on systolic function at other depths through the ventricular wall are not known. However, to minimize transmural variations in blood flow, metabolites, and material properties, we chose to study regional ischemia in the pig because they have limited collateral circulation, hence a complete coronary artery occlusion generally produces a transmural ischemic region. McDonough and co-workers (27) showed that, whereas the dog demonstrates transmural gradients in blood flow and metabolites after 8 min of left circumflex coronary artery occlusion, pigs have slightly greater blood flow to the outer wall but uniform levels of high-energy phosphate and lactate across the wall. Moreover, the wavefront phenomenon of ischemic cell death (30) and transmural gradients in tissue ultrastructure (34) that have been documented in the ischemic region of the dog are less prevalent in the pig. For these reasons, epicardial function in the pig model may be a better indicator of regional transmural mechanics than in the dog model. In addition, complete circumflex coronary artery occlusion in the pig generally produces a well-defined transmural infarct due to the lack of collaterals in the pig myocardial vasculature (37). The use of an epicardial array of beads and the difficulty in achieving two clear radiographic views requires that we use an open-chest preparation.
However, our findings appear qualitatively similar to those obtained in closed-chest studies in pigs. Guth and colleagues (12) assessed the effects of acute regional ischemia in chronically instrumented conscious swine by measuring wall thickening in the left ventricular free wall. They found that function was impaired in the normally perfused myocardium adjacent to the ischemic tissue, in agreement with the present study. Gallagher and co-workers (7) found that the functional border zone in conscious dogs was similar to that seen in anesthetized open-chest dogs (6) , despite large hemodynamic differences.
Our reference configuration for the strain calculation, chosen as end diastole, was not a stress-free state due to the presence of residual stress in the intact myocardium. Residual stress is the stress that remains in the tissue in the absence of all external loads (28), so that any configuration of the intact heart will not be a true stress-free state. The choice of a reference state is an arbitrary one; however, we chose end diastole as a physiological reference state so that we could examine the deformation that occurs in the ventricle during systole. Our choice of end diastole is also one of convenience because obtaining a stress-free reference configuration would involve excising the heart and making cuts in the myocardium to relieve the residual stress. The stability of the open-chest preparation over the time course of the study, which was typically about 6 h, is a concern. To assess whether function deteriorated during the long open-chest procedure, end-systolic strains were computed in the septal region of the left anterior descending coronary artery bed during baseline conditions and compared with end-systolic strains at the same location after 90 min of ischemia (now 20 mm from perfusion boundary into normally perfused tissue) for each animal. There was no significant difference between the two sets of strains for any of the five animals studied, indicating that there was no deterioration of epicardial function in the remote normally perfused tissue during the ischemic period.
To completely define the mechanical interaction between the ischemic and normally perfused regions it is necessary to know the stress distribution across the perfusion boundary. Although the current study measured continuous distributions of end-systolic epicardial strain over a large portion of the left ventricular free wall, we still do not know what the relationship is between these strains and systolic ventricular wall stress. A detailed theoretical model with a realistic geometry for both the ventricle and the ischemic region and which incorporates the baseline spatial variations of strain observed in this study must be performed to determine the relationship between epicardial strain and stress in the ischemic border region.
In summary, we found that the functional border zone was restricted to within 13 mm of the ischemic boundary at its widest point and that functional border zone width decreased significantly from base to apex in the ventricle for both the circumferential and longitudinal components of epicardial strain. Longitudinal variations in the local percentage of ischemic tissue and ischemia-induced changes in the end-diastolic state are most likely not responsible for the observed longitudinal gradient in functional border zone width. Although our choice of occlusion site resulted in an ischemic bed that was wide in the circumferential direction at the base of the ventricle and narrow at the apex and thus could explain the longitudinal variation, we think it is more likely that geometric factors are responsible for the gradient in functional border zone width. A theoretical model based on the realistic geometry of the left ven-
